Abstract. Laparoscopic surgery induces a milder inflammatory response than open surgery, however, the precise mechanisms underlying this phenomenon remain to be elucidated. Our previous study demonstrated that stimulation of sensory neurons inhibited hepatic apoptosis and inflammatory responses in rats subjected to hepatic ischemia/reperfusion (I/R). Since carbon dioxide (CO 2 ) has been demonstrated to stimulate sensory neurons, it was hypothesized that CO 2 -pneumoperitoneum, as used in laparoscopic surgery, may attenuate inflammatory responses by stimulating sensory neurons. This hypothesis was examined using rats subjected to hepatic I/R. The rats were subjected to partial hepatic ischemia for 60 min followed by reperfusion. Abdominal insufflation with CO 2 or air was performed for 30 min prior to hepatic I/R. Hepatic I/R-induced hepatocellular apoptosis and expression of the neutrophil chemoattractant endothelial monocyte-activated polypeptide-II, were inhibited by CO 2 -pneumoperitoneum, however, not by air-pneumoperitoneum. Pretreatment with the transient receptor potential vanilloid 1 antagonist SB366791 reversed the protective effects of CO 2 -pneumoperitoneum. The results from the present study demonstrated that CO 2 -pneumoperitoneum attenuates hepatic apoptosis and inflammatory responses in rats subjected to hepatic I/R, possibly by stimulating sensory neurons. These findings suggested that CO 2 -pneumoperitoneum contributed to the attenuated inflammatory response observed following laparoscopic surgery.
Introduction
Laparoscopic surgery provides multiple clinical benefits compared with open surgery, including decreased postoperative pain, shorter hospital stays, a more rapid return to preoperative activity, decreased postoperative ileus, preserved immune function and improved cosmetic results (1, 2) . Furthermore, fewer inflammatory mediators are released following laparoscopic surgery than following conventional open surgery (3, 4) . Abdominal laparoscopic surgery requires the intentional establishment of a pneumoperitoneum in order to provide adequate surgical exposure and operative freedom. Carbon dioxide (CO 2 ) is commonly used to induce the pneumoperitoneum as it is a colorless, stable gas that is, buffered in the blood, eliminated by the lung, is nonflammable and poses a low risk of venous gas embolism (5) . CO 2 -pneumoperitoneum has been demonstrated to inhibit inflammatory cytokine release and neutrophil accumulation (6) (7) (8) . However, the precise mechanisms underlying this effect are not fully understood.
Ablation of sensory neuronal fibers has been demonstrated to markedly increase inflammation severity suggesting that sensory neurons are important in maintaining tissue integrity by attenuating inflammatory responses (9) . Capsaicin-sensitive sensory neurons are nociceptive neurons located around vessels and within the lining epithelia of numerous tissues, and are associated with nonvascular smooth muscle (10) . Following stimulation of transient receptor potential vanilloid 1 (TRPV1) by a wide variety of noxious physical and chemical stimuli, including heat (>42˚C), low pH, certain lipids and exogenous vanilloid derivatives, these sensory neurons release calcitonin gene-related peptide (CGRP) which is involved in the aggravation of inflammation such as tissue hyperemia and edema (9) (10) (11) .
Our previous study demonstrated that stimulation of sensory neurons inhibits hepatic apoptosis and inflammatory responses in rats subjected to hepatic ischemia/reperfusion (I/R) (12) . I/R-induced apoptosis increases neutrophil accumulation in damaged tissues (13) and activated neutrophils release various inflammatory mediators that are capable of damaging endothelial cells (14, 15 and contribute to tissue injury by releasing inflammatory mediators that further damage endothelial and parenchymal cells. Consistent with this theory, our previous study demonstrated that reducing apoptosis in animal models of hepatic I/R or water-immersion restraint stress inhibited neutrophil accumulation-reduced tissue injury (12) . Acidic environments (low pH) are known to stimulate sensory neurons through activation of TRPV1 (16) . Abdominal insufflation with CO 2 causes a marked and rapid reduction in local tissue pH (17) . In addition, CO 2 has been demonstrated to stimulate sensory neurons through intracellular acidification by carbonic anhydrase (18, 19) . These observations suggest that abdominal insufflation with CO 2 may stimulate sensory neurons, thus inhibiting apoptosis and subsequent neutrophil accumulation.
Based on these observations, it was hypothesized that CO 2 -pneumoperitoneum may prevent I/R-induced inflammatory responses and hepatic apoptosis through stimulation of sensory neurons. In the present study, a rat model of I/R-induced liver injury was used to examine this hypothesis and to investigate the mechanism(s) by which laparoscopic surgery induces milder inflammatory responses than open surgery.
Materials and methods
Animals and reagents. Pathogen-free male Wistar rats, weighing 200-250 g, were obtained from Nihon SLC (Hamamatsu, Japan). Care and handling of the animals were conducted in accordance with the National Institutes of Health guidelines (Bethesda, MA, USA). All experimental procedures were approved by the Nagoya City University Animal Care Center (Nagoya, Aichi, Japan). SB366791, a specific TRPV1 antagonist (20) , was purchased from Sigma-Aldrich (St. Louis, MO, USA). All reagents were of analytic grade.
Experimental model. The rats were randomly divided into the following five groups: sham-surgery, hepatic I/R, hepatic I/R with CO 2 -pneumoperitoneum pretreatment, hepatic I/R with air-pneumoperitoneum pretreatment, hepatic I/R with CO 2 -pneumoperitoneum and SB366791 pretreatment. All rats were deprived of food, but not of water, for 24 h prior to each experiment. The liver was exposed by a midline laparotomy after the induction of anesthesia. The ligation by silk was placed around the right and left branches of the portal vein, the hepatic artery and bile duct. The induction of ischemia of the median and left lobes of the liver was performed completely by clamping the left branches of the portal vein and hepatic artery for 60 min. The right lobe of the liver was perfused to prevent the congestion of the intestine. The abdomen was covered with plastic wrap to prevent desiccation during the period of hepatic ischemia. During the period of hepatic ischemia, the abdomen was covered with plastic wrap to prevent desiccation. At the end of the period of ischemia, the ligatures around the left branches of the portal vein and hepatic artery were removed and the right branches of the portal vein, the hepatic artery and the bile duct were ligated to prevent a shunt-like effect to the right lobe following reperfusion (21, 22) . This procedure directed all subsequent portal and hepatic blood flow, with the exception of a small amount of flow to the caudal hepatic lobe, through the previously ischemic liver lobes. The wound was closed with 3-0 silk. Sham-surgery animals were similarly handled, however, no ligature was placed to obstruct the blood flow to the left and median hepatic lobes. Blood flow to the right lobe of the liver was occluded in sham-surgery animals as in animals subjected to hepatic I/R. The rats assigned to the pneumoperitoneum group underwent either CO 2 or air insufflation of their abdomen using a single 23-gauge needle for 30 min prior to hepatic ischemia. SB366791 was dissolved in normal saline with 1% dimethyl sulfoxide and 500 µg/kg was intraperitoneally administered 60 min prior to ischemia as described previously (23) . The median lobe of the liver was removed following the indicated period of reperfusion for histological analysis as described below.
Histology and immunohistochemistry. Following 6 h of hepatic I/R, the rats were perfused with 4% paraformaldehyde in 0.1 M phosphate-buffered saline. The median lobe of the liver was removed and embedded in paraffin. Paraffin-embedded samples were sectioned every 3 µm and then deparaffinized. Apoptosis was assessed with hematoxylin and eosin (H&E) and the terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) staining methods. In H&E stained sections, cells with morphological features of apoptosis, including cell shrinkage, retraction of cell borders and chromatin condensation and margination were counted (24, 25) . TUNEL staining was performed with the MEBSTAIN Apoptosis kit direct (MBL Co., Nagoya, Japan) as described previously (26, 27) . The number of apoptotic cells within each of five randomly selected high-power microscopy fields (HPF) at x400 magnification (BZ9000; Keyence, Osaka, Japan) was determined and the data are expressed as the average number of TUNEL-positive cells per HPF.
Immunofluorescence staining of endothelial monocyte-activated polypeptide-II (EMAP-II) was performed by pretreating the sections with proteinase K (1:40 dilution) and then blocking with Tris/NaCl/blocking reagent buffer (TNB; Perkin Elmer Life Sciences, Boston, MA, USA) for 1 h at room temperature. The sections were then incubated with the primary antibody (monoclonal mouse anti-EMAP-II; Abcam, Cambridge, UK) diluted 1:100 in TNB overnight at 4˚C, and then washed and incubated with Alexa Fluorophore 568 nm polyclonal donkey anti-mouse antibody (Invitrogen, Mount Waverley, Australia) at 1:500 dilution in TNB for 1 h at room temperature. The sections were counterstained with 4'-6-diamidino-2-phenylindole (Sigma-Aldrich). In the control experiments, primary antibodies were omitted to verify the absence of non-specific binding of secondary antibodies. Staining intensity was semi-quantitatively scored as 0 (negative), 1 (weak), 2 (moderate) and 3 (strong), and the proportion of cells staining positively at any intensity was scored as 0 (<5% of cells), 1 (5-30% of cells), 2 (31-60% of cells) and 3 (>60% of cells), as described previously (28, 29) . The intensity and proportion scores were added for each sample to give the immunohistochemistry scores, which ranged between 0 and 6.
Statistical analysis. Data are expressed as the mean ± standard deviation. The results were compared by analysis of variance followed by Bonferroni's multiple comparison test. P<0.05 was considered to indicate a statistically significant difference.
Results

Effects of CO 2 -and air-pneumoperitoneum on hepatic apoptosis in rats subjected to hepatic I/R.
Hepatic apoptosis has been demonstrated to be critical in the development of I/R-induced tissue injury by inducing inflammatory responses (13) . The effects of CO 2 -and air-pneumoperitoneum on the number of apoptotic cells in the livers of rats subjected to hepatic I/R were examined using H&E and TUNEL staining methods. Compared with sham surgery, hepatic I/R increased the number of apoptotic cells observed following 6 h of reperfusion (P<0.01). CO 2 -pneumoperitoneum inhibited this increase (P<0.01), however, air-pneumoperitoneum did not ( Figs. 1 and 2) . (30) and is produced by apoptotic cells by cleavage of the precursor protein proEMAP-II (31). It was postulated that CO 2 -pneumoperitoneum inhibited I/R-induced hepatic apoptosis by inhibiting the hepatic activation of EMAP-II during I/R. To examine this possibility, the effects of CO 2 -and air-pneumoperitoneum on EMAP-II expression were analyzed in the livers of rats subjected to hepatic I/R. Immunofluorescence staining for EMAP-II in the livers of animals subjected to hepatic I/R was increased 6 h after reperfusion compared with the sham-surgery animals (P<0.01; Fig. 3 ). CO 2 -pneumoperitoneum reduced this increase more strongly compared with that of air pneumoperitoneum (Fig. 3) .
Effects of CO 2 -and air-pneumoperitoneum on hepatic EMAP-II expression in rats subjected to hepatic I/R. EMAP-II is a chemoattractant for monocytes and neutrophils
Ef fect of S B36 6791 on a ltera t ion s in d u ced by CO 2 -pneumoperitoneum in rats subjected to hepatic I/R.
To determine whether CO 2 -pneumoperitoneum reduces I/R-induced hepatic apoptosis and inflammatory responses by activating TRPV1 in sensory neurons, the effects of the specific TRPV1 antagonist SB366791 on alterations induced by CO 2 -pneumoperitoneum were analyzed in rats subjected to hepatic I/R. Administration of SB366791 completely reversed the ability of CO 2 -pneumoperitoneum to inhibit I/R-induced apoptosis and hepatic EMAP-II expression (P<0.05; Figs. 1-3) .
Discussion
The present study demonstrated that CO 2 -pneumoperitoneum prevented I/R-induced hepatic apoptosis, while air-pneumoperitoneum did not. Pretreatment with the specific TRPV1 antagonist SB366791 abrogates this effect. Our previous study demonstrated that stimulation of sensory neurons in animals subjected to hepatic I/R inhibits hepatic apoptosis by inducing CGRP (12) . These observations suggest that CO 2 -pneumoperitoneum stimulates sensory neurons through TRPV1 activation, thereby inhibiting hepatic apoptosis in rats following hepatic I/R. Since hepatic apoptosis was not inhibited by air-pneumoperitoneum, it is likely that abdominal distension alone does not induce this effect.
The precise mechanisms by which CO 2 -pneumoperitoneum activates sensory neurons are not clear. Acidic environments (low pH) are known to stimulate sensory neurons through activation of TRPV1 (16) , and abdominal insufflation with CO 2 causes a marked and rapid reduction in local tissue pH (17) . Furthermore, CO 2 has been demonstrated to stimulate sensory neurons through intracellular acidification by carbonic anhydrase (18, 19) and to stimulate CGRP release through a decrease in intracellular pH in sensory neurons in vitro (32). completely reversed this effect. These observations suggest that CO 2 -pneumoperitoneum, and not abdominal distension alone, may inhibit I/R-induced increases in EMAP-II expression by activating TRPV1. EMAP-II is a chemoattractant for neutrophils (30) . Its precursor protein, proEMAP-II, is cleaved by caspase-3 to the biologically active form (33). Caspases are activated in apoptotic cells. Following renal I/R, caspase activation increases neutrophil accumulation in the kidney by increasing EMAP-II expression (13) . These observations suggest that, in addition to inducing apoptosis, caspases contribute to tissue inflammation and injury by increasing neutrophil infiltration at damaged sites through activation of EMAP-II. Our previous study demonstrated that stimulation of sensory neurons inhibits I/R-induced increases of caspase-3 and apoptosis in hepatic tissue (12) . Thus, it is possible that CO 2 -pneumoperitoneum prior to hepatic I/R inhibits caspase activation through stimulation of sensory neurons, thereby attenuating hepatic apoptosis and the expression of EMAP-II. Based on ou r results, it was post ulated that CO 2 -pneumoperitoneum stimulates sensory neurons in the liver, thereby inhibiting I/R-induced inflammatory responses and hepatic apoptosis. Our results further suggest that the effects of CO 2 -pneumoperitoneum are unlikely to be associated with abdominal distension alone. Inflammatory responses are critical in the development of post-operative complications (34) , and the present study indicates that CO 2 -pneumoperitoneum may contribute to the clinical benefits of laparoscopic surgery by attenuating inflammatory responses via stimulation of sensory neurons.
Ischemic preconditioning, the most effective gastroprotective intervention, involves sensory neurons (35, 36) . The mechanism underlying the beneficial effects of laparoscopic surgery may be similar to those involved in ischemic preconditioning. It is thus intriguing to consider the possibility that CO 2 -pneumoperitoneum may be beneficial when performed as a preconditioning stimulus, that is prior to open surgery. This possibility should be examined in the clinical setting.
